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@ Superconducting switch and current limiter using such a switch.

@ There is disclosed a superconducting swiich in-
cluding two superconducting coils (8, 9) wound on a
common bobbin (7) wherein these coils have the
same critical current value, and are connected in
parallel so that magnetomotive forces which are the
same in magnitude and opposite to each other in
direction are produced. This superconducting swiich
is non-inductive and responds to an overcurrent to
securely operated at a high speed. There is also
w=disclosed a current limiter including a current limiting
@ coil (31) connected in parallel with the superconduc-
e ting switch used as a trigger coil (32). The supercon-
L ducting switch exists within a magnetic field pro-
™M duced by the current limiting coil. There is further
disciosed a current limiter such that the current
limiting coil is constructed to be of non-inductive
n'type using two coils (41, 42) , and a superconducting
switch (50) is connected to either of these coils.
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SUPERCONDUCTING SWITCH AND CURRENT LIMITER USING SUCH A SWITCH

BACKGROUND OF THE INVENTION

This invention relates to a superconducting
switch and a current limiter for electromagnetically
limiting an overcurrent in an a.c. electric path using
such a superconducting switch.

When an overcurrent flows in electric equip-
ment, it is required for protecting the electric equip-
ment from such an overcurrent to limit flowing of
an overcurrent the moment it occurs. For a current
limiter for limiting an overcurrent, there is known a
current limiter disclosed in, e.g., the Japanese Pat-
ent Publication Laid Open No. 74932/85. In this
current limiter, two coils are wound on an iron core
so that their magnetomotive forces are substantially
equal to each other. Respective ends of both coils
are connected to an electric path on the side of the
powser supply so that the directions of their mag-
netic flux are opposite each other. The other end of
the coil on one side is connected to an electric
path on and load side through a switch. Further-
more, the other end of the coil on the other side is
similarly connected to the eleciric path on the load
side. A current limiting resistor is connected in
parallel with the switch. In addition, a current trans-
former is provided in the electric path. This current
transformer serves to trip the switch when it de-
tects an overcurrent.

In this circuit, when an overcurrent flows in the
electric path due to short-circuit of the load, the
current transformer detects this phenomenon to

open the switch to insert the current limiting resis-

tor into the circuit of the coil on one side. Thus,
while a current flowing in the coil on one side is
decreased, a current flowing in the coil on the other
side is increased. As a result, the magnetic flux
produced by the coil on the other side wound on
the .iron core is dominant as compared to that
produced by the coil on one side wound thereon.
Accordingly, the inductance of the coil on the other
side becomes active, i.e., a failure current is limited
by the action of reactor.

Since a current of several hundreds to several
thousands of amperes exists in an ordinary state in
the above-described current limiter, both coils are
required to have a large cross section, and they
are also required to have an increased number of
turns in order to provide a large current limiting
impedance. This resuits in the problems that the
current limiter become large-sized, and that a large
amount of power loss due to heating cannot be
avoided.

Furthermore, the above-described current lim-
iter often uses a mechanical switch, and therefore
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requires a time of one to thres cycles from the
time when an overcurrent is detected uniil the
switch is opened to carry out the current limiting
operation, resulting in the problem that the electric
path is difficult to protect.

For this countermeasurs, a semiconductor
switch such as a thyristor, etc. may be used. In this
case, a power loss is produced by a voltage drop
in the forward direction of the thyristor. Conse-
quently, the current limiter further becomes large-
sized and complicated, with the result that the
employment of such a semiconductor switich was
difficult. :

For this reason, it has been proposed to use a
current limiting body utilizing a superconductor.
Namely, a current limiting element made up by
forming a superconductive body in the form of a
rectangular wave is connected in series with a
circuit including a power source, an interrupter, a
line impedance, and a load. In the circuit thus
constructed, when a current io flows in the load via
the current limiting body, the current limiting body
in a superconducting state. The value of a current
flowing in the current limiting body is in a range
smaller than a critical current value Jg. Assuming
now that a critical current Jg flows in the current
limiting body, the current limiting body produces
quenching to rapidly shift to a normal conducting
state. At this time, the resistance of the current
limiting body abruptly increases to its intrinsic re-
sistance value. By this high resistance value, a
current flowing in the load through the current
limiting body is limited. The resistance value R of
the current limiting body when quenching is pro-
duced in the current limiting body as stated above
is expressed as R = pc (I/A). Namely, the resis-
tance value R of the current limiting body is pro-
portional to product of the intrinsic resistance pc
(u-cm) and the length £ (cm) of the current limit-
ing body, and is inversely proportional to cross
section A (cm?) of the current limiting body.

Howsever, while the critical current density of
well known Nb-Ti based supereonductor has a very
large value of the order of 1 to 3 (KA/cm?), the
intrinsic resistance at a normal conducting time has
a very small value of the order of 20 to 50 (u.Q-
cm). Accordingly, only in the case of a supercon-
ductor in the form of a rectangular waveform, is the
cross section A (cm?) is large as wel! as the length
is not sufficient, so that a sufficiently high resis-
tance value at the time of quenching of the super-
conductor cannot be obtained. For this reason, a
coil-shaped superconductor which is further thinned
and elongated may be devised in order to provide
a high resistance value. However, since such a
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coil-shaped superconductor has an inductance, an
impedance voltage drop would occur with respect
to a steady state current and a high surge voltage
at the time of quenching is produced, exerting an
adverse influence on the circuit equipment. Fur-
thermore, limiting of current is not definitely carried
out by a delay based on the inductive component.
In addition, since a high voltage is applied to a
superconductor at the time of quenching, there is
the problem that the dimension between coils must
be large in order to obtain a sufficient withstand
voltage.

SUMMARY OF THE INVENTION

An object of this invention is to provide a
superconducting switch securely operative at a
high speed due to an overcurrent.

Another object of this invention is to provide a
current limiter which can be made compact and
provide a definite line protection, and which can
suppress a power loss-due to heating at an ex-
tremely low value.

A further object of this invention is to provide a
current limiter wherein, at the time of quenching,
the current limiter can provide a sufficiently high
resistance value so that current can be sufficiently
limited, and securely provide limiting of current,
and in a normal state, no wasteful power dissipa-
tion by inductance is produced.

A still further object of this invention is to
provide a current limiter which can reduce the size
of a superconducting coil body.

In accordance with a first aspect of this inven-
tion, there is provided a superconducting switch
provided with iwo superconducting coils wound on
a common cylindrical core means, and connected
in parallel so as to have substantially the same
critical current value and to produce magnstomo-
tive force opposite to each. .

In accordance with this invention, since the
respective magnetic flux of both coils cancel with
each other and the superconducting switch is non-
inductive as a whole, it is possible to ensure a
large impedance change corresponding to a
change of a current flowing therethrough.

In accordance with a second aspect of this
invention, there is provided a current limiter com-
prising a superconducting coil, and the above-men-
tioned superconducting switch disposed in a mag-
netic field of the superconducting coil, and having a
critical current value and formed non-inductive.

In accordance with this invention, at the time of
a normal operation, a greater part of current flows
in the superconducting switch formed non-induc-
tive, and when an overcurrent is produced, it is
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quenched by the superconducting switch earlier
than by the superconducting coil, whereby it is
caused to communicate to the side of the super-
conducting coil.

Accordingly, an overcurrent can be securely
limited in an exiremely short time.

In accordance with a third aspect of this inven-
tion, there is provided a current limiter comprising
first and second superconducting coils connected
in paraliel so as to produce magnetomotive forces
opposite to each other, and a superconducting
switch having a critical current value smaller than a
critical current value of the superconducting coil,
the superconducting switch being connected to one
of the first and second superconducting coil.

Since the superconducting switch is positioned
irrespective of a magnetic field of the superconduc-
ting coil in this invention, current limiting operation
can be securely carried out without influence of the
superconducting coil side.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1 is a cross sectional view showing the
structure of a first embodiment of a superconduc-
ting switch according to this invention;

FIG. 2 is a perspective view showing the
winding state of two superconducting coils;

FIG. 3 is a cross sectional view showing the
structure of a second embodiment of a supercon-
ducting switch according to this invention;

FIG. 4 is a circuit diagram for explaining the
operation in the first and second embodiments of
this invention;

FIG. 5 is an equivalent circuit diagram at the
time of a normal operation of the superconducting
switch according to this invention;

FIG. 6 is an equivalent circuit diagram at the
time of quenching of the superconducting switch
according to this invention;

FIG. 7A is a graph showing current changes
at the time of normal operation and at the time of
quenching of the superconducting switch according
to this invention;

FIG. 7B is a graph showing impedance
changes at the time of normal operation and at the
time of quenching of the superconducting switch
according to this invention;

FIG. 8 is a circuit diagram of a first embodi-
ment of a current limiter according to this invention;

FIG. 9 is a front view partially cut showing
the structure of a first embodiment of a current
fimiter according to this invention;

FIG. 10 is a model view showing a connec-
tion of the current limiting coil and the supercon-
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ducting switch in the current limiter according to
this invention;

FIG. 11A is a graph showing current
changes at the time of normal operation and at the
time of quenching operation of the current limiter
according to this invention;

FIG. 11B is a graph showing impedance
changes at the time of normal operation and at the
time of quenching operation of the current limiter
according to this invention;

FIG. 12 is a circuit diagram showing a sec-
ond embodiment of a current limiter according to
this invention;

FIG. 13 is a front view partially cut showing
the structure of a current limiting coil in the second
embodiment of the current limiter according to this
invention;

FIG. 14 is a model view showing the coil
connection thereof; :

FIG. 15 is a front view partially cut showing
the structure of the superconducting switch in the
second embodiment of the current limiter accord-
ing to this invention;

FIG. 16 is a model view showing the coii
connection thereof;

FIG. 17A is an equivalent circuit diagram
showing a normal state operation in the second
embodiment of the current limiter according to this
invention;

FIG. 17B is an equivalent circuit diagram
showing the current limiting operation in the sec-
ond embodiment of the current limiter according to
this invention;

FIG. 18A is a graph showing current
changes at the time of normal operation and at the
time of current limiting operation in the second
embodiment of the current limiter according to this
invention; and

FIG. 18B is a graph showing impedance
changes at the time of normal operation and at the
time of. current limiting operation in the second
embodiment of the current limiter according to this
invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A first embodiment of a superconducting
switch according to this invention shown in FIG. 1
will be initially described. A hollow glass tube 7 is
used as a core for winding a superconducting wire
thereon. As shown in FIG. 2, a first superconduc-
ting coil 8 is wound from one side to the other side
on the outer peripheral surface of the glass tube 7
so that it has a predetermined number of turns with
a spacing between respective coil sections. Fur-
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thermore, a second superconducting coil 9 having
the same number of turns as that of the first
superconducting coil 8 is wound in 2 manner that it
overlaps with the first superconducting coil 9 in a
direction opposite to the winding direction of the
first superconducting coil 8. This is a sort of non-
inductive winding adapted to produce no electro-
magnetic induction, and which is known as a so-
called AP (Ayrton Perry) winding. A superconduc-
ting coil body 10 is thus formed. Insulating caps 14
each consisting of an insertion portion 11 and a
large diameter portion 12, and having a clamping
or locking hole 13 are fitted into opening portions
of both ends of the glass tube 7, respectively.
Terminal plates 15 are put between the large diam-
eter portions 12 and both end surfaces of glass
tube 7, respectively. Furthermore, terminal pieces
16 are secured on the opposite sides of the termi-
nal plate 15 in a manner that both ends of the
glass tube 7 are fitted into the terminal pieces 16,
respectively. The terminal piece 16 may be an
annular member surrounding the glass tube 7, or
may be a member holding a plurality of portions of
the outer peripheral surfaces of the glass tube 7.
Respective both ends of the first and second
superconducting coils 8 and 9 are secured in par-
allet to the terminal pieces 16 and electrically con-
ducts to the terminal plate 15. Bushings 17 are
inserted into the clamping holes 13 of the respec-
tive insulating caps 14. A clamping boli 18 is
inserted from one insulating cap 14 ioward the
other insulating cap 14 through these bushings 17.
The both end portions of the clamping bolt 18
projecting from respective insulating caps are
clamped by nuts through fitting plates 19 put be-
tween the insulating caps 14 and the nuts 20,
respectively. One fitting plate 19 and the insulating
cap 14 are secured by a fitting pin 21 so that the
superconducting body 10 rotates about the clamp-
ing bolt 18. It is to be noted that since the first and
second superconducting coils 8 and 9 consist of
the same material and have the same diameter,
they have the same critical current value. In addi-
tion, the first- and second superconducting coils 8
and 9 may be in contact with each other, or spaced
from each other.

Referring to Fig. 3, there is shown in a second
embodiment of a superconducting switch according
to this invention. Since this current limiter 6 is of
the same structure as that of the embodiment
which has been described with reference to FIG. 1,
those corresponding portions are respectively des-
ignated by the same reference numerals and their
detailed explanation will be omitted. In the case of
this embodiment, a conductor cap 14a is used in
place of the insulating cap which has been de-
scribed in the first embodiment of this invention.
The conductor cap 14a includes large diameter
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portions formed so that they are larger than the
outer diameter of the superconducting coil body
10, and insertion portions 11 inserted into the both
opening portions of the glass tube 7. An outer
peripheral wall member 22 is provided between
opposite two large diameter portions 12 in a man-
ner that it is spaced from the outer peripherai
portion of the superconducting coil body 10. Seal-
ing members 23 such as silver brazing material are
hermetically fitted annularly into respective portions
between the end surfaces of the outer peripheral
walls 22 and the large diameter portions 12. Thus,
a vacuum chamber 24 is formed between the outer
peripheral surface of the superconducting col body
10 and the outer peripheral wall member 22. Re-
spective both ends of the first and second super-
conducting coils 8 and 9 are secured in parallel to
the conductor cap 14a. The reason why the sealing
member 23 and the outer peripheral wall 22 are
formed to have different thicknesses is that dis-
placements received by the sealing member 23
and the outer peripheral wall 22 are caused to be
different from each other, thereby preventing
breakage between the large diameter portion 12
and the outer peripheral wall 22. Screw holes are
formed in the central portions of respective con-
ductor caps 14a. The other conductor may be
screw-connected to the screw hole 25.

An example of the operation serving as a cur-
rent limiter using the superconducting switch con-
structed above will be described with reference to
FIGS. 4 to 7. As shown in FIG. 4, superconducting
swilch 6 is serially connected to the succeeding
stage of interrupter 3 of a series circuit including
power supply 2, interrupter 3, line impedance, and
load 5.

When the circuit shown in FIG. 4 is normalily
operating, a predetermined current is flows in load
5 through superconducting switching 6. This cur-
rent i is determined by a voltage E and an entire
impedance Z. This entire impedance Z is sum of
impedance Zgc of superconducting switch 6, a line
impedance Z; and a load impedance Z.. At this
time, the superconducting switch 6 is in a super-
conducting state, and a current ic is a value in a
range lower than a critical current Jo. The current
io separately flows in the first and second super-
conducting coils 8 and 9 as currents iy and i,
respectively. Since the first and second electrocon-
ducting coils 8 and 9 are the same in the number
of turns and the quantity interleakage magnetic
flux, and are wound so that they overlap with each
other, the currents i, and i, take values approxi-
mate to each other. Magnetomotive forces having
directions opposite to each other and of substan-
tially the same strength are exerted on the first and
second superconducting coils 8 and 9 on the basis
of the current i,y and i, taking values approximate
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to each other. Magnetomotive forces having direc-
tions opposite to each other and substantially the
same strength are exerted on the first and second
superconducting coils 8 and 9 on the basis of the
currents iy and i, As a result, two kinds of mag-
netic flux ¢1 and ¢2 having values nearly equal to
each other are produced in accordance with these
magnetomotive forces, respectively. Since respec-
tive magnetic flux ¢1 and ¢2 have directions op-
posite to each other, they cancel with each other,
resulting in a non-inductive state. Respective induc-
tances of the first and second superconducting
coils 8 and 9 are equal to an extremely small value
of the order of leakage flux. Accordingly, when it is
assumed that inductance due to leakage flux is
designated by L as shown in FIG. 5, the resistance
component is equal to zero and the reactance
component is equal to a very small value of wl/2.
As a resuilt, the impedance is extremely smali,
resulting in no possibility that voltage drop occurs.
The state at this time is labeled "normal operation”
in FIGS. 7A and 7B. Namely, a current ip is deter-
mined by an impedance Zgs of the superconduc-
ting switch 6, a line impedance Z, and a load
impedance Z, (not shown). This current ic is deliv-
ered to load 5§ without undergoing a voltage drop
by the first and second superconducting coils 8
and 9.

The state produced when short-circuit is pro-
duced in the load 5 will be described in connection
with the case of "quenching". When a short-circuit
is produced in the circuit, an estimated short-circuit
current t given by E/Z; is going to flow. However,
the moment a short circuit exceeds a critical cur-
rent Jq, the first and second superconducting coils
8 and 9 are brought into the quenching state.
Namely, the first and second superconducting coils
8 and 9 are brought into a normal conductive state,
and respective resistance values of the first and
second superconducting coils 8 and 9 are rapidly
increased to a resistance value Rc. This resistance
value Rc is a value proportional to the product of
the intrinsic resistance p (L2-cm) and the length 1
(cm) of the first and second superconducting coils
8 and 9, and is inversely proportional to cross
section A (cm3). When the resistance is rapidly
increased to the resistance value Rc, the imped-
ance Z'sc of the current limiter is increased. The
equivalent circuit in this state is shown in FIG. 6. In
this equivalent circuit, the impedance values Zgc of
the first and second superconducting coils 8 and 9
become equal to an exiremely large value ex-
pressed as /(oL ) + Rc?2 depending upon the
respective resistance values Rc which have been
rapidly increased. At this time, currents flowing in
the first and second superconducting coils 8 and 9
by the increased resistance values Rc are limited
to a value nearly equal to a critical current J, as



9 EP 0 350 916 A2 10

indicated by currents ity and itz in FIG. 7A. ltis to
be noted that when the short-circuit current i; sepa-
rately flows in the first and second superconducting
coils 8 and 9, quantities of respective flux cancel
with each other, and the inductance L is based on
a small leakage magnetic flux produced at this
time. Accordingly, the inductance L' becomes
equal to an extremely small value, so the time
constant becomes extremely smalil. Thus, currents
flowing in the first and second superconducting
coils 8 and 9 can be limited to currents iry and i
by the rapidly increased resistance values Rec with-
out time delay, respecitively.

In the case of the superconducting switch 6 of
this invention shown in FIG. 3, the first and second
superconducting coils 8 and 9 are kept in a vacu-
um state. When quenching occurs, liquid helium
becomes gaseous due to the heat produced. As a
result, the insulating withstand voltage value is
lowered and a light voltage is applied to the first
and second superconducting coils 8 and 9. In this
instance, since the first and second superconduc-
ting coils 8 and 9 are in a vacuum, a withstand
voltage value against a high voltage is higher than
that when quenching is produced in air.

The superconducting switch 6 constructed as
above can freely select impedance Zscl and cur-
rents iry and irp at the time of quenching by select-
ing material, number of turns, and wire diameter of
the first and second superconducting coils 8 and 9.
Thus, this switch 6 can limit a current over a broad
range. In addition, since the inductance L can be
extremely small and the impedance Zgc set over a
broad range at the time of normal operation, a
contactless swiich can be realized.

It is to be noted that while glass tube 7 is used
as the insulating core in the above-mentioned both
embodiments, other insulating materials having
heat-resisting property may be used for this pur-
pose.

It is further to be noted that the superconduc-
ting switch of this invention can be widely applied
not only as a current limiter, but also as a switch of
which state changes by an increase in current.

FIG. 8 is a circuit diagram showing the configu-
ration of a first embodiment of a current limiter
according to this invention in conjunction with iis
application. Referring to this figure, an interrupter 2,
a current limiter 30, and a line impedance 4 are
inserted into one line as an electric path connecting
an a.c. power source 1 and a load. In this embodi-
ment, the current limiter 30 comprises a supercon-
ducting coil 31 wound so as to have an inductance
sufficient to suppress a current in the line to a
value lower than a limit value and a superconduc-
ting switch 32 connected in parallel with the super-
conducting switch 31, wherein the superconducting
switch 32 includes two coils subjected io non-
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inductive AP winding so that quantities of flux pro-
duced by these coils cancel each other to provide
substantially zero inductance, and has a critical
current value smaller than that of the superconduc-
ting coil 31.

FIG. 8 is a schematic view showing an actual
configuration of the superconducting coil 31 and
the superconducting switch 32. The superconduc-
ting coil 31 is wound on a bobbin 33, and the coils
of the superconducting switch 32 are wound on a
bobbin 34 disposed in a hollow portion of the
bobbin 33. Accordingly, the superconducting swiich
31 wound on the common core within a magnetic
field produced by the superconducting coil 31.
Respective coil ends are connected commonly to
the terminals 35 and 36.

The operation of this embodiment constructed
above will be described.

When the superconducting coil 31 and the
superconducting swiich 32 are both in a supercon-
ducting state, the superconducting coil 31 exhibits
a relatively large impedance by its inductance with
respect to a current flowing in the line, whereas the
superconducting switch 32 exhibits substantially
zero impedance because it is non-inductive. FIG.
10 is a model view for explaining the above phe-
nomenon. Assuming that a current ip in a direction
indicated by an arrow flows in the superconducting
coil 31 and the superconducting swiich 32, mag-
netic flux ¢o is produced by the superconducting
coil 31 to have an impedance corresponding to the
inductance. In contrast, quantities of magnetic flux
¢1 and ¢2 produced by the AP-wound coils of the
superconducting switch 32 cancel each other, so
that impedance becomes substantially equal to
zero.

Assuming that there is no failure on the load 5
side and a current io having an ordinary amplitude
flows in the load 5, when a current flowing in the
superconducting coil 31 and a current flowing in
the superconducting switch 32 are designated by
it and i, respectively, the following relationship
hoids:
io =iy *i2 (1)
in<Kie @)

Accordingly, most of the current io in the line
flows into the superconducting switch 32. In addi-
tion, because the resistance value is equal to zero,
a voltage drop produced by flowing of the current
io is equal to substantially zero.

When an overcurrent flows in the line due fo
short circuit failure, etc. of the load 5 and the value
thereof exceeds above a critical current value Jq of
the superconducting swiich 32, the superconduc-
ting switch 32 is momentarily quenched, resulting a
resistor having an exiremely large resistance. As a
resulf, most of the current which has flowed in the
superconducting switch 32 communicates into the
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superconducting coil 32.

Both currents have a relationship expressed as
the following equation: -
i1 K2 (3)

Accordingly, the line current is limited to a limit
value by the inductance of the superconducting coil
31. In this case, since a current i, flowing in the
superconducting switch 32 is extremely small, a
power loss dissipated as heat is suppressed {o an
extremely small value.

FIGS. 11A and 11B show how the current i and
the impedance Zgg of the current limiter vary at the
time of normal operation and at the time of current
limiting operation. Namely, at the time of normal
operation, the impedance Zgg of the current limiter
30 is extremely small, so the current ip in the line
is kept normal mainly by the impedance Z of the
load. On the other hand, when a short-circuit oc-
curs in the load, an estimated short-circuit current is
attempts to flow in the line. However, the moment
the line current exceeds the critical current value
Jo of the superconducting switch 32, the imped-
ance of the current limiter is increased as de-
scribed above, so the shori-circuit current is limited
o a current value i, lower than a limit value.

In this case, the critical current value J¢p of the
superconducting coil 31 is set to a value larger
than the current limit value of the line. Furthermore,
the current limiter 30 is cooled by interrupting the
line by the interrupter 2, thus readily returning to a
steady state.

Since two superconducting coils are disposed
using the core common thereto in the above-de-
scribed embodiment, the current fimiter becomes
considerably compact and is easily held in a super-
conducting state. However, even if these supercon-
ducting coils are disposed away from each other,
the above-described current limiting operation can
be performed.

As just described above, in accordance with
- this embodiment, superconducting coils ars em-
ployed and such superconducting coils are ar-
ranged using the core common to the both coils.
Thus, simplified construction and miniaturization of
the current limiter are realized, and high speed
response and reliable line protection can be per-
formed.

FIG. 12 is a cireuit diagram showing the con-
figuration of a second embodiment of a current
limiter according to this invention in conjunction
with its application. Referring to this figure, an
interrupter 2, a current limiter comprising a super-
conducting reactor 40 and a superconducting
switch 50, and a line impedance 4 are inserted into
one line as an electric path conrecting an a.c.
power source 1 and a load 5. In this embodiment,
the superconducting reactor 40 has an inductance
to suppress a current in the line to a value lower
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than a limit value. The superconducting reactor 40
is composed of a superconducting coil 41 having a
critical current value larger than a current limit
value, and a superconducting coil 42 wound on the
same bobbin of that of the superconducting coil 41.
When this coil 42 is inserted in parallel into the
line, it produces the same magnitude of mag-
netomotive force as that of the coil 41. Thus, quan-
tities of magnetic flux produced by these coils 41
and 42 cancel each other. When currents iy and i
flow into these coils, respectively, their impedance
values becomes substantially equal to zero. On the
other hand, the superconducting switch 50 is con-
structed as a superconducting coil wound non-
inductively and is serially connected to the super-
conducting coil 42. )

FIG. 13 is a schematic view showing an actual
configuration of the superconducting reactor 40.
The superconducting coil 41 and the superconduc-
ting coil 42 are wound on the bobbins 43 and 44,
respectively. Furthermore, the superconducting coil
42 is wound on the common core inside supercon-
ducting coil 41. Respective one ends of both coils
are connected in common to a terminal 45. The
other end of the superconducting coil 42 and the
other end of the superconducting coil 42 are con-
nected to terminals 46 and 47, respectively. In
addition, reference numeral 48 denotes a spacer
for holding insulating material between the termi-
nals 46 and 47 of these superconducting coils.

FIG. 14 is a view showing the internal connec-
tion and behavior of magnetic flux of the supercon-
ducting reactor 50. There is provided an arrange-
ment such that when the superconducting coils 41
and 42 are connected in parallel with the line,
magnetic flux ¢, produced on the superconducting
coil 41 and magentic flux ¢2 produced on the
superconducting coil 42 cancel each other.

FIG. 15 is a view showing an actual configura-
tion of the superconducting switch 50. This switch
50 is composed of superconducting coils 51 and
52. The superconducting coils 51 and 52 are
wound on bobbins 53 and 54, respectively. In addi-
tion, the superconducting coil 52 is concentrically
disposed inside the superconducting coil 51. One
end of each of the respective coils are connected
in common to a terminal 55, and the other ends
thereof are connected commonly to a terminal 56.

FIG. 16 shows a diagram showing the internal
connection and the bshavior of magentic flux of the
superconducting switch 50. When a current is
caused to flow between terminals 55 and 56, this
current flows separately into respective coils, so
magnetic flux ¢1 produced on the superconducting
coil 51 and magnetic flux ¢2 produced on the
superconducting coil 52 cancel with each other.

The superconducting coils 41 and 42 constitut-
ing the superconducting reactor are made up so
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that their critical current values are larger than the
current limit value of the line. Furthermore, the
superconducting switch is made up so that it is
quenched in correspondence with the increase in
the current in the superconducting coil 52 when
there overcurrent in the line.

The operation of the second embodiment con-
structed above will be described with reference to
FIG. 10 as well.

When a current ip flowing in the line is in a
normal state, both the superconducting reactor 40
and the superconducting swiich 50 are held in a
superconducting state. Thus, the resistance values
of the superconducting coils 51 and 52 constituting
the superconducting switch 50 are equal to zero
and are in a non-inductive state. Accordingly, the
current io branches info the superconducting coils
41 and 42 constituting the superconducting reactor
40 to flow as currents i1 and i in these coils,
respectively. The respective magnetic flux pro-
duced thereby cancel with each other. These coils
41 and 42 have a mutual inductance -M, but the
values of seif<inductance Li and Lz are kept at a
value to have no influence on such currents.

FIG. 17A is an equivalent circuit thereof. The
superconducting switch 50 functions as an element
having only a very small leakage inductance. Fur-
thermore, the superconducting reactor 40 functions
as an element having only a mutual inductance -M.

When an estimated short-circuit current i; de-
termined by a power supply voltage E and a line
impedance Z; attempts to flow as a result of the
fact that a failure such as a load short-circuit oc-
curs, a current flowing in the superconducting
switch 50 also increases according as the above
current is increases. The superconducting coils 41
and 42 constituting the superconducting switch 50

- have a critical current value J, corresponding to
current values being increasing of these coils 41
and 42. At the same time when a current i, flowing
in the superconducting coil 41 exceeds above this
current value Jq, it is quenched, so a current i
which has flowed in the superconducting coil 42
communicates into the superconducting coil 41. As
a result, most of a current flowing in the line flows
into the superconducting coil 41. Accordingly, the
superconducting reactor 40 will have a large induc-
tance by magnetic flux ¢4 produced by the super-
conducting coil 41. FIG. 178 shows an equivaient
circuit in such a case. The superconducting switch
50 changes to an element having an extremely
large value R, and the line current i¢ is limited by
the seif-inductance of the superconducting coil 41.

As just described above, the current limiting
circuit according to the second embodiment is con-
structed so that its impedance is equal to substan-
tially zero with respect to a normal line current, and
it functions as a reactor with respect to an overcur-
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rent, therefore to limit a line current.

FIGS. 18A and 18B show how the current io
and the impedance Zgg of the current limiter vary
at the time of normal operation and at the time of
current limiting operation. Namely, at the time of
normal operation, the impedance Zgg of the current
limiter is exiremely smail, so that the line current io
is kept normal mainly by the load impedance Z;. In
contrast, when a load short circuit occurs, an es-
timated short-circuit current Iy attempts to flow in
the line. However, when the line current increases
to a value of Jq, the current flowing in the super-
conducting switch 50 exceeds above the critical
current value Jg. At this moment, the impedance of
the superconducting reactor 40 increases to a val-
ue lec. As a result, the short-circuit current is
limited to a value lower than a limit value.

As just described above, also in accordance
with this embodiment, superconducting coils are
employed and such superconducting coils are ar-
ranged using the core common to both the coils.
Thus, simplified construction and miniaturization of
the current limiter are realized, and high speed
response and reliable line protection can be per-
formed.

Reference signs in the claims are intended for
better understanding and shall not limit the scope.

Claims

1. A superconducting switch characterized by
comprising:
cylindrical core means (7);
a first superconducting coil(8) wound on the outer
peripheral surface of said core means from one
side thereof to the other side thereof, and having a
first critical current value, wherein when a current
above said critical current value flows, the resis-
tance value of said first superconducting coil
changes to a first high resistance value in a normal
conducting state;
a second superconducting coil (9) wound on the
outer peripheral surface of said core means from
one side thereof to the other side thereof so as to
overlap with said first superconducting coil, and
having substantially the same critical current value
as that of said first superconducting coil, wherein
when a current above critical current value flows,
the resistance value of said second superconduc-
ting coil changes to a second high resistance value
in a normal conducting state; and
connection means (15, 16) for connecting in par-
allel said first and second superconducting coils so
as to produce magnetomotive forces which are the
same in the magnitude and are opposite to each
other in direction;
said superconducting switch being connected in



15 EP 0 350 916 A2 16

series with a load in an electric path, wherein an
overcurrent above said critical current value flows
in said electric path, said superconducting switch is
quenched, so the resistance value thereof changes
to a resultant resistance value of said first and
second high resistance values as a whole.

2. A superconducting switch as set forth in
claim 1, wherein said first and second supercon-
ducting coils have winding directions opposite to
each other, said connection means being a set of
terminal plates (15) commonly connecting respec-
tive ends of said first and second superconducting
coils on one side of said core means and on the
other side thereof, respectively.

3. A superconducting switch as set forth in
claim 2, which further comprises a vacuum cham-
ber (24) formed so as to surround said first and
second superconducting coils.

4. A superconducting switch as set forth in
claim 3, wherein said vacuum chamber is formed
by said terminal plates formed projectedly from the
surfaces of said first and second superconducting
coils, and an outer peripheral wall member (22)
connecting peripheral edge portions of said op-
posite terminal plates (12).

5. A current fimiter comprising:
cylindrical core means (34);

a first superconducting coil (31) wound on the outer
peripheral surface of said core means from one
side thereof to the other side thereof, and having a
first critical current value, wherein when a current
above said critical current value flows, the resis-
tance value of said first superconducting coil
changes to a first high resistance value in a normal
conducting state;

switch means (32) formed non-inductive disposed
within a magnetic field produced by said first
superconducting coil, and having a second critical
current value corresponding to an overcurrent value
smaller than said first critical current value, wherein
when a current above said second critical current
value flows, said switch means changes to a nor-
mal conducting state; and

connection means (35, 36) for connecting in par-
allel said first superconducting coil and said switch
means;

said current limiter being connected in series with
a load in an electric path, wherein when an over-
current above said second critical current value
flows in said electric path, said current limiter is
operative to limit this overcurrent.

6. A current limiter as set forth in claim 5,
wherein said switch means is a second supercon-
ducting coil.

7. A current limiter as set forth in claim 6,
wherein said second superconducting coil is com-
posed of two coils wound in directions opposite to
sach other and commonly connected at the both
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ends thereof.
8. A current limiter as set forth in claim 6,

wherein said superconducting coil is wound on the
outer peripheral surface of second cylindrical core
means inserted into the hollow portion of said core
means.

9. A current limiter charactrized by comprising:
cylindrical core means (44);

a first superconducting coil (41) wound on the outer
peripheral surface of said core means from one
side thereof to the other side thereof, and having a
first critical current value, wherein when a current
above said critical current value flows, the resis-
tance value of said first superconducting coil
changes {o a first high resistance vaiue in a normal
conducting state;

a second superconducting coil (42) wound in rela-
tion to said first superconducting coil, and having
the same magnetomotive force as that of said first
superconducting coil; and

connection means (45, 46) for connecting in par-
allel said first and second superconducting coils so
as to produce electromotive forces in directions
opposite to each other;

switch means (50) connected in series to one of
said first and second superconducting coils, formed
non-inductive disposed within a magnetic field pro-
duced by said first superconducting coil, and hav-
ing a second critical current value corresponding to
an overcurrent value smaller than said first critical
current value, wherein when a current above said
second critical current value flows, said switch
means change to a normal conducting state;

said current limiter being connected in series with
a load in an electric path, wherein when an over-
current above said second critical current value
flows in said electric path, said current limiter is
operative to limit this overcurrent.

10. A current limiter as set forth in claim 9,
wherein said swifch means is comprised of third
and fourth superconducting coils wound in direc-
tions opposite to each other and commonly con-
nected at the both ends thereof.
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